A multi-terminal voltage-source-converter (VSC) based high voltage direct current (HVDC) system is concerned for its flexibility and reliability. In this study, a control strategy for multiple VSCs is proposed to auto-share the real power variation without changing control mode, which is based on "dc voltage droop" power regulation functions. With the proposed power regulation design, the multiple VSCs automatically share the real power change and the VSC-HVDC system is stable even under loss of any one converter while there is no overloading for any individual converter. Simulation results show that it is effective to balance real power for power disturbance and thus improves operation reliability for the multi-terminal VSC-HVDC system by the proposed control strategy. 
Introduction
Due to its flexible and independent control of real and reactive power, a voltage-source-converter (VSC) based high voltage direct current (HVDC) system [1] [2] [3] [4] has attracted more and more attention, especially in wind power 2. to supply power for a big city and an industrial center and, 3 . to connect distributed generation (DG) systems, wind power, solar power, and etc.
Compared to a two-terminal VSC-HVDC system, VSCstations of a multi-terminal VSC-HVDC system can provide a real power support for each other. Therefore, the flexibility and reliability of the VSC-HVDC system have been improved significantly. However, it causes much more complexity for the control strategy. Recently, some research has been done for the multi-terminal VSC-HVDC system. Ref. [7] described the optimal acquisition and aggregation of wind power by multi-terminal HVDC where three-phase VSCs connected at their ac terminals to the wind turbine generators. The VSCs rectified the variable frequency, variable magnitude, and ac voltages of the wind turbine generators to a regulated dc voltage at the dc bus where their powers are aggregated. By operating one VSC as an inverter and as a dc voltage regulator, all wind power acquired was automatically made available to the utility system. Ref. [8] designed a dc over voltage control during loss of a converter in a multi-terminal VSC-HVDC system, which includes lower hierarchical control and higher hierarchical control. Lower hierarchical control is to control dc voltage and ac power according to the corresponding references, while higher hierarchical control generates corresponding varied signals added to the references setting of the power dispatcher and the dc voltage regulator while loss of one converter. But it did not consider how to regulate power dispatch schemes among VSCs. In ref. [9] , nonlinear controllers were designed to improve the voltage stability of the multi-in-feed HVDC and VSC-HVDC and increase the operation reliability of commutation failure in the inverter of HVDC systems. Ref. [10] described the use of a multi-terminal VSC-HVDC system for connecting wind farms with doubly fed induction generators (DFIG) over long distance. The DFIG adopted independent control of active and reactive power and captured maximal wind energy. The control of VSC rectifiers was to keep ac voltage at wind farm bus constant. The control of VSC inverters was to receive the power from the dc network and to keep DC voltage constant. Ref. [11] presented a scheme to realize a stand-alone AC grid for an isolated community. It used VSC stations as frequency changers. The multi-in-feed VSC design succeeded in the dual roles of maintaining the grid ac voltage while balancing real power generation and loads using local information only. The stability of the power system under the proposed control scheme was investigated.
Ref. [12] presented coordination control for permanent magnetic synchronous generator of wind turbines as well as for VSCs of multi-terminal VSC-HVDC transmission system. The particle swarm optimization method was proposed for tuning controller parameters of VSCs to improve the dynamic performances of the whole energy system.
Ref. [13] gave a commentary on voltage stability of multiin-feed ac/dc power system with VSC-HDVC based on the strongly nonlinear and coupled characteristics of multi-infeed direct current systems.
Thus, a "dc voltage droop" control design is proposed to auto balance real power in the multi-terminal VSC-HVDC system in this study. The VSCs with dc voltage control and real power control will regulate real power when load changes or one VSC stops operation. Therefore, a new real power balance can be achieved as well as overload for one VSC can be avoided. A multi-terminal VSC-HVDC system with its control model has been established in PSCAD/EMTDC digital simulation software package [14] to verify the effectiveness of the proposed control.
The rest of the paper is organized as follows. In Section 2, a multi-terminal VSC-HVDC system is presented. Section 3 analyzes the control of VSCs and proposes an additional control for dc voltage control and real power control respectively. Digital simulation results are presented in Section 4. At last, conclusions are drawn in Section 5.
Study system
Consider a multi-terminal VSC-HVDC system as shown in Figure 1 .
Figure 1. A multi-terminal VSC-HVDC system
In the above system, two 2-terminal VSC-HVDC systems are connected together to make a 4-terminal VSC-HVDC system. It becomes a 6-terminal VSCs in the VSC-HVDC system when wind power and PV power injected into the middle line of the system. In Figure 1 , a wind farm with doubly-fed induction generator wind turbines is connected to the dc grid via VSC 4 . While photovoltaic (PV) power is connected to VSC 6 , and the other VSCs are connected to ac power systems, which are very strong ac sources. Each VSC station has a two-level topology as shown in Figure 2 : ( = 1 6), the corresponding output voltage of VSC stations; and ( = 1 6), the corresponding ac system bus voltage. The subscripts " " indicates the corresponding VSC station.
Figure 2. A topology of the VSC station
The following dynamic models of the VSC indicate the relationships among different variables of the system [6] while ignoring resistance of the filter inductor:
In the d-q frames, and are the − axes components of the respective ; and are that of the line currents; and are that of the converter side ac voltage ; C is the corresponding dc capacitance of the VSC. is the corresponding dc bus voltage of the VSC; is the dc load current of the VSC. When the axis is in phase with the ac voltage of the power system, the component of the ac voltage is zero and the component is . That is, = 0. Then the real power P and reactive power Q from the ac system under d-q frames are decoupled and they can be expressed as follows with equal power coordinate transformation:
Control of VSC-HVDC
There are usually three typical controls for a VSC in HVDC systems: dc voltage control, real power control, and ac voltage control [8, 11] . For the studied HVDC system shown in Figure 1 , one VSC adopts the dc voltage control, which normally has abundant real power regulation capacity. While VSC 4 and VSC 6 , which are connected to wind power and PV power, adopt the ac voltage control. The rest of the VSCs adopt the real power control. Generally, the VSC with dc voltage control will regulate real power automatically when there is any load change or power fluctuation. If the required real power is out of its regulated capability, VSCs with real power control will be activated to regulate power for balancing. The trigger signal to activate those VSCs with power control is dc bus voltages. The detailed design is illustrated in the followings.
DC voltage control
To keep the dc bus voltage at a constant value, one VSC will be selected to control the dc bus voltage. Without loss of generality, VSC 1 in Figure 1 adopts dc voltage control. In a typical dc voltage control of the VSC [3] , dc voltage control and reactive power control are decoupled in " − coordination". In this study, an additional control for the dc voltage control is added when the VSC reaches a high value of real power, so that other VSCs will regulate their real powers according to their dc voltage changes. Thus, the VSC with dc voltage control will not be overloaded.
A typical control diagram [3, 10] is shown in Figure 3 . In the diagram in Figure 3 , an outer control loop of dc voltage control and inner control loop of ac current control under − coordinate. The software phase-lock-loop (SPLL) technique [15] has been used to track the phase angle θ of the positive phase sequence component of ac system voltages. In Figure 3 , is the reference of the dc bus voltage of the VSC; Q is the reference of the reactive power Q; L is the filter inductance of the VSC, and represent ac power three-phase voltages and currents, respectively; and are and components of ; , , and represent ac power three-phase voltage control signals of the VSC. Normally, the VSC with dc voltage control auto balance real power when there is any load change. However, this may cause overload for this VSC in the multi-terminal VSC-HVDC system while other VSCs still have power regulation capability. An additional control for the VSC with dc voltage control has been considered to avoid overload, as shown in Figure 4 . In Figure 4 , when real power of the VSC with dc voltage control is larger than a setting value of P , then the difference between P and the measured power P multiplies 1 as an additional signal for the dc voltage reference, which is to decrease the dc bus voltage of the VSC. The decrease of dc bus voltage of the VSC will also cause local dc bus voltage of other VSCs decrease. The changes in dc voltage information (in this case decreases) is regarded as a trigging signal for other VSCs to regulate real power, so that the VSC with dc voltage control can avoid overload problem. There is an upper and lower limits for this additional signal to make sure that the dc bus voltage is kept within the permitted range for operation.
Real power control
In the multi-terminal VSC-HVDC system, only one VSC adopts dc voltage control, others who are connected to strong ac power systems will adopt real power control. In the system shown in Figure 1 , VSC ( = 2 3 5) adopt real power control. A typical decoupled real and reactive power control [3, 16] is shown in Figure 5 . P , P , and Q are the real power, real power reference, and reactive power of the VSC , respectively; L is the filter inductance of the VSC ; θ is the phase angle of the positive phase sequence component of the corresponding ac system voltages of VSC ; and represent ac power three-phase voltages and currents of VSC , respectively.
Figure 5. Real power control
To avoid overload problem of the VSC with dc voltage control, those VSCs with real power control will regulate real power once needed. An additional control for those VSCs with real power control has been considered when the local dc bus voltage change is detected, as shown in Figure 6 . In Figure 6 , the coefficient of each VSC might be different according to their sizes. The above additional control to regulate real power can be considered as a "dc voltage droop" function [11] , as shown in Figure 7 .
In Figure 1 , VSC 2 , VSC 3 , and VSC 5 adopt ac voltage control. Suppose the initial real power of VSC 1 is P 10 . When the required regulation power for VSC 1 is more than P , then the total required power meets the following equa- 
AC voltage control
The VSCs which are connected to the weak system like wind power and PV power will adopt ac voltage control [10, 11] . In Figure 1 , VSC 4 and VSC 6 adopt the ac voltage control. That means the VSCs provide 3-phase sources to support for wind power and PV power. In this study, wind power systems and PV power systems adopt maximum power point tracking (MPPT) control. Thus, power of VSC 4 is determined by the connecting wind power and loads while power of VSC 6 is determined by the connecting PV power. The voltage magnitude, frequency, and phase are generated by the VSCs shown in Figure 8 [10, 11] . In Figure 8 , is the vector for a 3-phase voltage signal, which includes the magnitude U , frequency ω 0 , and initial phase angle θ 0 . U M is the magnitude reference of the generated ac voltage and U M is the measured magnitude of ac voltages for control. 
Simulation results and analysis
The system model as shown in Figure 1 has been built in PSCAD/EMTDC simulation software package to verify the effectiveness of the proposed control strategy. The cases studies are listed as follows: Without loss of generality, suppose P = 1 0 for all VSCs, and 2 = 11, 3 = 14, 5 = 11; while P = 0 8, When the required regulation power for VSC 1 is more than P , then VSC 2 , VSC 3 , and VSC 5 will be activated to regulate the real power. According to (6) 
Wind power changes
There is a power change caused by wind power fluctuation of VSC 4 . Real power (P 4 ) of VSC 4 changes from -0.6 to -0.4 at 2 s, and then it recovers back to -0.6 at 4 s. From Figure 9 , one can see that VSC 1 will auto-regulate its real power P 1 during load changes of VSC 4 . P 1 is from 0.51 to 0.31 means that VSC 1 absorbs real power from the ac side decreases when load changes after 2 s. Real powers of other VSCs are almost not affected.
PV power changes
There is a PV power change of VSC 6 . Real power (P 6 ) of VSC 6 changes from 0.75 to 0.55 at 2 s, and then it recovers back to 0.75 at 4 s. Simulation results of real powers and the dc voltage of VSC 1 are shown in Figure 10 .
From Figure 10 , one can see that VSC 1 will auto-regulate its real power P 1 during PV power changes of VSC 6 . P 1 is regulated from 0.51 to 0.71 means that VSC 1 absorbs real power from the ac side increases after 2 s. Real powers of other VSCs are almost not affected because the real power of VSC 1 is less than the setting value of 0.8. 
Loss of VSC 2
When the real power change is out of VSC 1 's regulation capability, the other VSCs with real power control will take part in power regulation according to their dc voltage droop functions. In Figure 11 , VSC 2 carries the heaviest load among of those VSCs before 2 s. When VSC 2 is out of operation at 2 s, VSC 1 increases its real power (P 1 ) from its initial value of 0.51 and reaches the setting value of 0.8. That causes the dc voltage dropped. Thereafter, VSC 3 and VSC 5 regulate their real powers P 3 and P 5 respectively according to dc voltage droop functions to protect VSC 1 from overloading. Thus, the lost power ∆P of VSC 2 will be shared by VSC 1 , VSC 3 , and VSC 5 . Thus, VSC 2 recovers to the normal operation after 4 s. Simulation results are shown in Figure 11 . 
Loss of VSC 1
When VSC 1 with the dc voltage control is out of operation, it will cause the dc bus voltage dropped. According to dc voltage droop functions, VSC 2 , VSC 3 , and VSC 5 will regulate its real power so that the real power is kept in a balance condition. Figure 12 shows simulation results when VSC 1 is out of service at 2 s and recovers at 4 s.
In Figure 12 , VSC 2 , VSC 3 , and VSC 5 increase their real powers when VSC 1 is out of service. The real power (P 2 ) of VSC 2 increases from its initial value of 0.85 and is limited to the maximum 1.0. During loss of VSC 1 which is equal to the real power loss of VSC 1 .
It should be noted that although the dropped dc voltage arrives at a new balance value due to real power regulation function of VSC 2 , VSC 3 , VSC 5 , the dc voltage will also be affected when the real power of the whole dc system varies. Thus, this function is suitable for a temporally out of service for VSC 1 .
Conclusions
A real power control strategy has been proposed for a multi-terminal VSC-HVDC system in this study. Additional controls are added to dc voltage control and real power control respectively, so that the power balance will be achieved automatically for the multi-terminal VSC-HVDC system without changing control mode. The power is kept under balance condition and the system is stable even one VSC is out of service. Generally, the VSC with dc voltage control will regulate real power automatically for power balance. To avoid over load, the VSC with dc voltage control will decrease the dc voltage correspondingly when it reaches a setting power value. Thus VSCs with power control will be activated to regulate real power according to their dc voltage droop functions. The dc voltage droop functions are based on local dc bus voltage signals.
When the VSC with dc voltage control is out of service temporally, VSCs with power control will share the real power lost according to their dc voltage droop functions.
